OBJECTIVE -Diabetes during pregnancy is a strong risk factor for obesity in the offspring, but the age at which this association becomes apparent is unknown. The purpose of this study was to examine the relation of glycemia during pregnancy with anthropometry in offspring of nondiabetic pregnant women from the Belfast U.K. center of the multinational Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study.
D
iabetes during pregnancy, whether gestational diabetes, preexisting type 1 diabetes, or preexisting type 2 diabetes, has long-lasting effects on the offspring, resulting in higher rates of obesity (1-3) and type 2 diabetes (4,5) and lesser degrees of abnormal glucose tolerance (5, 6) and an earlier age of onset of maturity-onset diabetes of the young (7) and of type 2 diabetes (8). Type 2 diabetes or impaired glucose tolerance developing at young ages results in a higher rate of pregnancies being complicated by diabetes in the next generation (9) . Potential long-term effects of degrees of abnormal glucose tolerance during pregnancy less than what is generally considered to be diabetes have not been well studied. Among nondiabetic Pima Indians of Arizona, a linear relationship was observed between the mother's glucose concentration measured during the third trimester of pregnancy and both the relative weight and the 2-h postload glucose concentration in their offspring after age 5 years (9) . Whether this will be a universal finding and, if so, at what age the impact of hyperglycemia during pregnancy will first be identifiable are unknown. A unique opportunity to follow children whose mothers had hyperglycemia during pregnancy, but short of diabetes, as demonstrated on an oral glucose tolerance test (OGTT) is presented by the offspring of women participating in the Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study (10) . This article presents the association between glycemia during pregnancy and anthropometry in children aged 2 years participating in the HAPO Family Study at the Belfast Center.
RESEARCH DESIGN AND
METHODS -Details of the HAPO Study have been reported elsewhere (10) , and the primary results were published in 2008 (11) . In brief, the HAPO study was a 15-center multicultural study designed to examine the association between maternal hyperglycemia and adverse pregnancy outcomes among women with singleton pregnancies whose OGTT results were below the thresholds that have traditionally defined gestational diabetes. Each woman underwent a 75-g OGTT at 24 -32 weeks of gestation. Women and their caregivers remained blinded to the results of the OGTT as long as the fasting glucose did not exceed 105 mg/dl, the 2-h glucose concentration did not exceed 200 mg/dl, the woman was not hypoglycemic (glucose Ͻ45 mg/dl) at any time, and no random glucose concentration measured between 34 and 37 weeks of gestation was Ն160 mg/dl. The study showed that the four primary outcomes (birth weight Ͼ90th percentile, primary cesarean delivery, neonatal hypoglycemia, and cord blood C-peptide Ͼ90th percentile) were all significantly positively associated with
the mother's glucose concentration during the OGTT (11) .
All women from the Belfast U.K. Center who participated in the HAPO Study were invited, along with their 2-year-old offspring, to participate in the HAPO Family Study. Examination of the 2-yearold (range 22-30 completed months) offspring included measurements of weight to the nearest 0.1 kg (SECA model 708; Seca, Birmingham, U.K.), height to the nearest 0.1 cm (Leicester height measure stadiometer; Seca), head circumference and mid-arm circumference to the nearest 0.1 cm and triceps, subscapular, and suprailiac skinfold thicknesses to the nearest 0.1 mm (Holtain skinfold calipers; Holtain, Crymych, U.K.). These skinfold measurements were added to give a summary measure of subcutaneous fat. BMI was calculated as weight in kilograms divided by the square of height in meters and converted to SD or Z score using 1990 standards for British children (12) . Z scores were also calculated for height and weight and for head circumference (12) . Birth weight Z scores, specific for gestational age, were also calculated based on standards for the U.K. (12) and were used to determine small for gestational age (Ͻ10th percentile) and large for gestational age (Ն90th percentile).
The HAPO Study stratified the results of each of the three OGTT glucose concentrations (fasting, 1-h, and 2-h) into seven categories and determined the rates of primary outcomes in each stratum (11) . For this article, because of the smaller numbers enrolled in a single center, the upper two OGTT glucose strata were combined, leaving six categories of glucose at each of the three time points. In addition, the area under the curve of the maternal OGTT was calculated (13) .
All statistical analyses were done using SPSS (SPSS, Chicago, IL). The characteristics of male and female participants were compared using the independent samples Z test and for the categorical variables (BMI Z score Ն85 percentile and Ն95 percentile) a 2 test. The relationship between the results of the OGTT performed between 24 and 32 weeks of gestation (in six categories) and various pregnancy outcome measures (birth weight Ն90th percentile for gestational age, BMI Ն85th or 95th percentiles at age 2 years) were assessed using the 2 test for trend. This test was also used to assess the relationship between ordered categories of birth weight, neonatal skinfold thickness, and cord C-peptide results and Data are n/total n (%).
LGA, large for gestational age.
Pregnancy glucose and offspring anthropometry overweight, obesity, and sum of skinfolds at age 2 years. Correlation coefficients were calculated, and multiple regression analyses were performed to assess the association between pregnancy/neonatal characteristics and the child's BMI Z score and skinfold thickness measurements at 2 years of age. Skinfold thickness measurements were added to give a summary measure. Because the distributions of skinfold thickness were positively skewed, their sum was logarithmically transformed before these analyses.
RESULTS -The HAPO Study enrolled 1,649 Caucasian women in the Belfast Center, 1,612 of whom remained blinded throughout pregnancy. Twentyeight non-Caucasian subjects, predominantly Asian, are not included in this article. Nine of the Caucasian pregnancies ended in stillbirth or perinatal death. By the time of the 2-year examination, 259 of the children had moved or were lost to follow-up, 51 refused, and 128 were unable to keep their scheduled appointments. Follow-up examinations were therefore performed on 1,165 (72%) of the surviving children of Caucasian HAPO participants who had remained blinded throughout the pregnancy study (Table 1) . Boys were taller and heavier than girls with a higher BMI and larger head circumference (P Ͻ 0.001 for each) but had slightly smaller skinfold thicknesses (sum of skinfold difference ϭ 1.2 mm, P ϭ 0.001). Z scores for height, weight, BMI, and head circumference were not significantly different between the sexes. 4.8%, P Ͻ 0.05 for each), these differences were clinically small. Table 2 shows rates of birth weight Ն90th percentile and, in 2 year olds, rates of overweight (BMI Z score Ն85th percentile) and obesity (BMI Z score Ն95th percentile) according to the six categories of maternal OGTT glucose concentrations and area under the curve for glucose during pregnancy. Maternal glucose concentrations in the Belfast cohort, as in the HAPO Study as a whole (11), were di- rectly associated with risk of birth weight Ն90th percentile among those subjects who were seen subsequently at age 2 years (left column of Table 2 ). The only other association that reached statistical significance was between categories of maternal 1-h glucose and a BMI Z score at 2 years Ն85th percentile ( 2 for trend ϭ 5.32, df ϭ 1, P ϭ 0.017), but the overall correlation between maternal glucose during pregnancy and BMI Z score at age 2 years was weak (fasting glucose r ϭ 0.05, P ϭ 0.08; 1-h glucose r ϭ 0.04, P ϭ 0.22; 2-h glucose r ϭ 0.03, P ϭ 0.36; and area under the curve r ϭ 0.04, P ϭ 0.18). Weak correlations were found between mother's 1-h glucose and both the (logtransformed) suprailiac skinfold (r ϭ 0.07, P ϭ 0.02) and sum of skinfolds (r ϭ 0.07, P ϭ 0.03) at 2 years, this latter correlation being most notable in boys (r ϭ 0.10, P ϭ 0.02) (Fig. 1) . Table 3 shows the association between overweight, obesity, and sum of skinfolds Ն90th percentile at age 2 years according to categories of weight at birth, sum of skinfolds at birth, and cord blood C-peptide. Both measures of neonatal fatness (birth weight and sum of skinfolds) were associated with overweight and obesity at age 2 (P Ͻ 0.01 for each), but Cpeptide was not. Table 4 shows the results of regression models with BMI Z score and sum of skinfolds at age 2 years as dependent variables. Neither outcome was associated with maternal glucose during pregnancy either before or after adjustment for other variables. Age at examination was significantly associated with the BMI Z score, and sex was significantly associated with the sum of skinfolds in both simple and multiple regression analysis. Birth weight Z score, sum of skinfolds at birth, and maternal BMI were associated with both the BMI Z score and sum of skinfolds at age 2 years in simple regression analyses. However, after backward elimination of nonsignificant variables, only birth weight Z score and maternal BMI remained independent predictors of BMI Z score at age 2 years, whereas only sum of skinfolds at birth was an independent predictor of sum of skinfolds at age 2 years.
CONCLUSIONS -This article reports the first of periodic examinations planned for the offspring of the women participating in the HAPO Study from the Data are n/total n (%).
LGA, large for gestational age; SGA, small for gestational age. Belfast, Northern Ireland, Center. One of the major strengths of this study is the high rate of follow-up of the two-year-old offspring. This is largely the result of low rates of emigration from the community in Northern Ireland and will facilitate further contact with these subjects at older ages. The fact that this is part of a larger family follow-up further adds to recruitment because the HAPO Study mothers are also participating in the survey rather than just bringing their children for the examinations. Because this study was limited to Caucasian subjects in the Belfast Center, these data will complement previous findings among nondiabetic women in a non-Caucasian group (9) . Both birth weight and sum of skinfolds, as a measure of fetal response to maternal glucose, but not maternal glucose itself, were predictive of BMI Z score at age 2 years. Age at examination was also significantly associated with BMI Z score at 2 years, suggesting that even over a 6-month period at this young age children in Northern Ireland are becoming heavier relative to the U.K. standards. At age 2 years, correlations between the maternal glucose concentrations during the OGTT and anthropometric measurements in the offspring are weak. The aim of this article was to examine the association of maternal glucose and other prenatal and perinatal risk factors with childhood obesity, as has been done in previous studies. Consideration of later environmental risk factors, such as type of infant feeding and activity, are outside the scope of this article. In other studies involving offspring of women with frank diabetes during pregnancy, the obesity associated with elevated maternal glucose concentrations resolved during the 1st year or 2 of life so that the offspring of diabetic women were of normal weight (14, 15) , even though long-term the associations between maternal diabetes and both obesity and abnormal glucose tolerance recurred at older ages (1-6). It is not surprising, therefore, that in this study of offspring of women with normal glucose tolerance during pregnancy there was little association between maternal glucose concentrations and anthropometric measurements at age 2 years. Whether or not we will see a recurrence of the associations that were so strong at birth as these children age remains to be seen.
